Glycosaminoglycans (GAGs) and collagen are the major organic components of bone matrix. However, their roles and functional relationships remain elusive. To investigate the role of GAGs in bone matrix degradation, the effects of GAGs on collagen were examined under acidic conditions that recapitulate the microenvironment of osteoclast resorption pits. We found that sulfated GAGs protect collagen fibrils against acid denaturation. Scanning electron microscopy demonstrated that collagen fibrils retain the fibril structure at pH 4.0 in the presence of chondroitin 6-sulfate. By surface plasmon resonance analysis, we found that sulfated GAGs, but not non-sulfated GAGs, bind to triple-helix type I collagen below pH 4.5. The binding of collagen in an acidic solution was dependent upon the GAG sugar chain length. Functionally, the acid-resistant collagen fibrils generated in the presence of sulfated GAGs were resistant to cathepsin K degradation in vitro below pH 4.0. As the pH increased from 4.0 to 5.0, the acid-resistant collagen fibrils were degraded by cathepsin K. Our results highlight the possibility that the interaction between GAGs and collagen under acidic conditions has a regulatory impact on cathepsin K-mediated bone degradation.
Introduction
Glycosaminoglycans (GAGs) are linear polysaccharides with alternating uronic acid and hexosamine residues. The monosaccharide units of GAGs give rise to numerous complex sequences by variable substitution with O-sulfate, N-sulfate and N-acetyl groups. GAGs usually exist as the O-linked side-chains of proteoglycans. They may act as structural components of connective tissue and the extracellular matrix or as specific ligands in the relationship between the cell surface and its surroundings. GAGs containing galactosamine include chondroitin (Ch), chondroitin 4-sulfate (Ch4S), chondroitin 6-sulfate (Ch6S), chondroitin 4,6-disulfate (CS-E) and dermatan sulfate (DS). GAGs containing glucosamine include hyaluronic acid (HA), heparin (Hep) and heparan sulfate (HS). Keratan sulfate, a closely related compound, does not contain uronic acid but consists of a repeating poly-(N-acetyllactosamine) disaccharide sequence, usually with a 6-O-sulfated GlcNAc and partially 6-O-sulfated Gal (Jackson et al. 1991) .
Collagen is the most abundant protein in animals. Vertebrates produce at least 28 distinct types of collagen. Collagen comprises three polypeptide chains (α-chains), which form a unique triple-helix structure (Cowan et al. 1955; Ramachandran and Kartha 1955; Rich and Crick 1955) . All members of the collagen family share the common triple-helix structural motif. Fibril-forming collagens (e.g., types I, II, III, V and XI collagen) constitute the largest group in the collagen family (Kadler 1995; Prockop and Kivirikko 1995) . These fibrils provide the major biomechanical scaffold for cell attachment and macromolecule anchoring, allowing the shape and form of tissues to be defined and maintained. Collagen fibrils are formed by self-assembly of the polypeptide chains and are regulated by interactions with proteoglycans (Garg et al. 1989; Kalamajski and Oldberg 2010) . The collagen fibrils are solubilized by acid or pepsin-treatment. The collagen fibril structure becomes completely disordered between pH 1 and 3, while the triple-helix structure of polypeptide chains is retained above pH 3 forming triple-helix collagen (Ripamonti et al. 1980) . Collagen fibrils are reversibly formed by self-assembly from triple-helix collagen at neutral pH (Wood and Keech 1960) .
Bone remodeling consists of osteoclastic bone resorption and osteoblastic bone formation. A balance between osteoclast activity and osteoblast activity is required to maintain bone mass. Excessive osteoclast activity has been implicated as the primary cause of osteoporosis (Costa et al. 2011) . The mechanism of osteoclastic bone resorption involves bone demineralization following the acidification of the extracellular microenvironment through an electrogenic proton pump (Teitelbaum 2000) . Cathepsin K is a papain-like cysteine peptidase and the major collagenase produced in osteoclasts (Inaoka et al. 1995; Garnero et al. 1998 ). It plays a pivotal role in bone resorption by removing demineralized collagen (Everts et al. 2006; Leung et al. 2011; Borel et al. 2012 ) and represents a major antiresorptive drug target for the treatment of osteoporosis. Chondroitin 4-sulfate promotes auto-processing of the cathepsin K pro-domain at pH ≤ 5, leading to a fully mature enzyme with collagenase and peptidase activities (Lemaire et al. 2014) . Despite its important role in cathepsin K activation during bone remodeling, the interaction of chondroitin sulfate with collagen fibers and its function remain elusive.
In this study, we investigated the roles of GAGs in the acid denaturation and degradation of collagen in vitro. We demonstrated that collagen fibrils bind to sulfated GAGs after the pH shift from 7.4 to 4.0 resulting in acid-resistant collagen fibrils as analyzed by scanning electron microscopy, and that they are also resistant to degradation by cathepsin K. The acid-resistant collagen fibrils were degraded as the pH increased from 4.0 to 5.0.
Results

Effect of GAGs on the acid denaturation of collagen fibrils
Collagen fibrils are reversibly formed from triple-helix collagen during the shift to neutral pH (Wood and Keech 1960) . It is previously reported that GAGs possess only minor effects on collagen fibril formation (Kvist et al. 2006 ) and we confirmed that collagen fibrils were similarly formed in the presence or absence of GAGs (data not shown). To determine the effects of GAGs on the acid denaturation of collagen fibrils, an in vitro collagen fibril assay was performed using commercially available atelocollagen consisting of pepsintreated and acid-solubilized type I collagen (bovine skin). In this assay, collagen fibrils are formed at pH 7.4 with or without GAG and subsequently denatured by shifting to the acidic pH. The denaturation of collagen fibrils was measured as a decrease in turbidity of the solution. Collagen fibrils were denatured at a pH below 5.0 in a time-dependent manner, and the collagen solution became completely clear within 20 min at a pH of 4.0 or below ( Figure 1A ). Next, effects of different GAGs on the denaturation of collagen fibrils were examined during the shift to pH 4.0. Notably, the denaturation of the collagen fibrils was blocked by sulfated GAGs (Ch4S, DS, Ch6S and CS-E), whereas non-sulfated GAGs (Ch and HA) had no effect on the denaturation ( Figure 1B ). It is suggested that sulfated GAGs have a stabilizing effect on collagen fibrils under acidic condition. The stabilizing effects of sulfated GAGs under acidic conditions were also observed for type I collagen containing a telopeptide (data not shown).
Electron micrographs of acid-resistant collagen fibrils
To observe the collagen fibrils that became acid-resistant in the presence of sulfated GAGs ( Figure 1B ), they were visualized using scanning electron microscope. Figure 2A and B shows scanning electron micrographs of collagen fibrils reconstituted from triple-helix type I collagen (bovine skin). The collagen fibrils reconstituted in the presence of Ch6S were similar to those formed in the absence of Ch6S, except that collagen fibril aggregations were observed as large globular particles ( Figure 2C and D) . In the absence of Ch6S, the reconstituted collagen fibrils were solubilized and the fibrils disappeared at pH 4.0 (data not shown). However, when collagen fibrils were formed and denatured in the presence of Ch6S, they were not solubilized at pH 4.0 and instead formed acid-resistant collagen fibrils ( Figure 2E and F). The acid-resistant collagen fibrils exhibited structures similar to those of collagen fibrils formed in the absence of Ch6S and partly fused with each other. The average diameters of the collagen fibrils (0.12 ± 0.015 μm) and acid-resistant collagen fibrils (0.15 ± 0.020 μm) were not significantly different.
pH dependence of Ch6S binding to type I collagen
The amount of Ch6S bound to immobilized type I collagen (bovine skin) at various pH values was measured by SPR analysis. Type I collagen was immobilized to an SPR sensor chip at an acidic pH as triple-helix collagen. Ch6S did not bind to type I collagen above pH Figure 3 . Ch6S bound to type I collagen below pH 4.5, and the binding increased as the pH decreased. The amount of bound Ch6S increased markedly below pH 4.0. Ch6S completely dissociated from the immobilized collagen in 2 M NaCl (data not shown), suggesting that the binding occurs predominantly through electrostatic interactions. These results indicate that an alteration in the electrostatic charge of collagen leads to the binding of collagen to Ch6S below pH 4.5 (see Discussion).
5.0, as shown in
GAG specificity
The binding of various GAGs to triple-helix collagen at pH 4.0 was examined by SPR. Analytes (Ch, Ch4S, DS, Ch6S, CS-E, HS, Hep and HA) were injected onto type I collagen immobilized to a sensor chip. Each GAG, with the exception of Ch, displayed dosedependent binding to type I collagen (Supplementary Figure S1) . The association and dissociation curves between the GAGs and type I collagen did not fit the 1:1 Langmuir binding model. Therefore, the equilibrium dissociation constant (K D ) values were calculated by plotting the binding signal versus the analyte concentration. Among the GAGs that bound to type I collagen, Ch4S, CS-E, HS and HA displayed a stark signal drop at 120 s, which was due to either a fast off-rate or a solvent effect. Therefore, the binding signals were measured during the dissociation phase at 240 s, and K D values were calculated. The K D values of Ch4S, Ch6S, CS-E, DS and HS were in the same order of magnitude ( Table S1 ). However, type I collagen did not bind to the non-sulfated GAG, Ch, which indicates that the interaction of GAGs with type I collagen requires sulfate groups. Although HA is a non-sulfated GAG and did not show any influence on the acid denaturation of collagen fibrils ( Figure 1B ), it did exhibit interaction with type I collagen. A K D value of HA was calculated to 3.64 × 10 −7 M with an abnormally high χ 2 value of 106. As HA is an efficient networkforming polymer that forms meshwork at very low dilution unlike the other GAGs (Scott et al. 1991) , we speculate that the SPR signals of HA involve the self-association of HA resulting in the overestimation of HA binding to collagen.
Interaction of GAG oligosaccharides with type I collagen
The binding between enzymatically prepared oligosaccharides of Ch4S, Ch6S, and HA and type I collagen was examined at pH 4.0. The tetra-, hexa-and octasaccharides of Ch4S and Ch6S and the tetra-, hexa-, octa-, deca-and dodecasaccharides of HA showed boxtype curves (Supplementary Figure S2) , in which the association and dissociation occurred too fast to calculate the kinetic parameters. These results suggest that the affinities of the oligosaccharides for type I collagen are very low and that the binding of GAGs to type I collagen depends on the sugar chain length. The high K D value of GAGs to collagen (Table I ) together with the facts that the interactions of sulfated GAGs with collagen could not be fitted to the 1:1 Langmuir binding model suggest the multiple interactions between GAGs and collagen molecules. Therefore, K D value should be considered as apparent K D representing the avidity between GAGs and collagen.
Specificity of collagen types
The binding of Ch6S to various types of mammalian collagen (types I to X) immobilized on sensor chips was evaluated. Ch6S bound to all types of collagen in a dose-dependent manner at pH 4.0 (Supplementary Figure S3) . The SPR curves of the Ch6S and collagen interactions did not fit the 1:1 Langmuir binding model. The apparent K D values were calculated by plotting the binding signal at 240 s versus the analyte concentration. The differences in the apparent avidity between Ch6S and different collagen types were compared using the apparent K D values, as summarized in Table II . The apparent K D values of Ch6S binding to types II, III, IV, V, VI, VII, VIII, IX and X collagen were in the same order of magnitude (Table II) , indicating that Ch6S binds to these types of collagen at pH 4.0 with high avidity.
Structural analyses of chondroitin sulfate coprecipitated with collagen fibrils at pH 4.0
Chondroitin sulfate from salmon nasal cartilage (sCS) containing Ch6S, Ch4S and Ch was used in the following experiments. The amount of sCS bound to collagen fibrils (tilapia skin) at pH 7.4 and pH 4.0 was determined by a coprecipitation assay. Sixteen percent of the added sCS coprecipitated with collagen fibrils at pH 4.0, whereas no precipitation was observed at pH 7.4 ( Figure 4A ). The mean molecular weight of the bound sCS and the unbound sCS was estimated to be 36 kDa and 26 kDa by gel filtration HPLC, respectively ( Figure 4B ), indicating no significant difference in the molecular weight of the sCS fractions. Figure 4C shows the chemical composition of GAGs examined using unsaturated disaccharide analysis with chondroitinase ABC digestion. The unsaturated disaccharides in sCS (input) were made up of 63.4 ± 2.1% Ch6S units, 23.7 ± 2.5% Ch4S units and 12.8 ± 0.1% non-sulfated Ch units. There were no 
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K D was determined as described in "Materials and Methods", and a standard statistical measure of the closeness of fit is indicated as χ Collagen fibrils were reconstituted at pH 7.4 from acid-solubilized type I collagen (30 μg) with sCS (10 μg) followed by adjusting the pH value to 7.4 or 4.0 and incubating for 10 min (Collagen fibrils (+)). In the collagen fibril-minus lane (Collagen fibrils (-)), only the sCS was set to the respective pH by diluting with buffer. The amount of glucuronic acid in the supernatant was determined. The data are represented as the mean ± S.D. (*, P < 0.05). (B) Estimation of sCS molecular weight by gel filtration chromatography. The elution curves of the sCS before the coprecipitation with type I collagen fibrils (input) and of bound and unbound sCS. (C) Chemical composition of sCS before the coprecipitation with type I collagen fibrils (input) and the bound and unbound sCS was determined by the unsaturated disaccharide assay. The data are represented as the mean ± S.D. (*, P < 0.05).
significant differences in the amount of Ch6S among the input, bound and unbound sCS fractions. The Ch4S content of bound sCS was significantly higher and the Ch content was significantly lower than that of the input. There were no significant differences in the Ch4S and Ch contents between the input and unbound sCS. In addition, the ratio of Ch6S in bound versus unbound sCS (unbound/ bound) was 1.0, indicating no difference between them. The unbound/bound ratio of Ch4S and Ch was 0.73 and 1.8, respectively, and the differences were statistically significant in both cases. As collagen fibrils are indicated to bind to sulfate groups of sCS, significantly higher content of Ch4S in the bound sCS fraction may be interpreted as a an overall increase of sulfation in the bound fraction (~92% vs.~85% sulfated disaccharides in bound vs. unbound chains) most probably caused by the biased distribution of Ch4S among the GAG chains.
Formation of cathepsin K-resistant collagen fibrils
In order to clarify whether the acid-resistant collagen fibrils are protected from cathepsin K digestion, the degradation of collagen fibrils reconstituted at pH 7.4 in the presence or absence of GAGs was examined during the shift to pH 3.5. Procathepsin K autoactivation was confirmed using a fluorogenic substrate (benzyloxycarbonylglycyl-L-prolyl-L-arginine 4-methylcoumaryl-7-amide) at pH 3.5 (Supplementary Figure S4) . The collagen fibrils were degraded by cathepsin K in the absence of GAGs (Figure 5 A, lane 2). In the presence of sulfated GAGs, the collagen fibrils were resistant to cathepsin K digestion ( Figure 5A , lane 4-9). The cathepsin K-resistant collagen fibrils were partly formed by HA, but not by Ch ( Figure 5A , lane 3-10). The GAG concentrations at which 50% of the collagen formed cathepsin K-resistant collagen fibrils (EC 50 ) were 6.3, 12, 3.1, 30, 95 and 16 ng/μL (0.26, 0.18, 0.044, 0.94, 3.4 and 0.82 μM) for Ch4S, Ch6S, CS-E, DS, HS and Hep, respectively ( Figure 5B , Table III ). Oligosaccharides of Ch6S (tetrasaccharide and hexasaccharide) did not contribute to the formation of cathepsin K-resistant collagen fibrils (Supplementary Figure S5) . Non-specific effects of cathepsin K on collagen degradation were ruled out because the degradation of type I collagen by cathepsin K was completely inhibited by the cysteine proteasespecific inhibitor, E-64 (Supplementary Figure S6A) .
Degradation of acid-resistant collagen fibrils
Acid-resistant collagen fibrils complexed with GAGs were resistant to cathepsin K at pH 3.5, as shown in Figure 5 . Here, we investigate the conditions under which cathepsin K degrades the acid-resistant collagen fibrils. Collagen fibrils were denatured at pH 5.0 (Figure 1) , and triple-helix collagen was dissociated from GAG at the same pH (Figure 3) . Therefore, we examined whether the acid-resistant collagen fibrils were dissociated from GAGs and solubilized after a shift in pH from 4.0 to 5.0, according to the protocol shown in Figure 6A . Surprisingly, there was no significant difference in the amount of precipitated collagen when the pH was shifted from 4.0 to 5.0 ( Figure 6B , compare lane 1 and 3). Moreover, Ch6S was hardly observed in a supernatant fraction after the pH was shifted from 4.0 to 5.0 ( Figure 6C ), indicating that Ch6S did not dissociate from the acid-resistant collagen fibrils after the pH shift. These results indicate that the acid-resistant collagen fibrils remain bound to Ch6S and is not solubilized after the pH shift. These results are unexpected from the binding assay using SPR method, in which triple-helix collagen did not bind to Ch6S at pH 5.0 (Figure 3) . It is suggested that the avidity of Ch6S to collagen fibrils is higher than that to triple-helix collagen. Next, the acid-resistant collagen fibrils were treated with cathepsin K at pH 4.0 or 5.0. When the acidresistant collagen fibrils complexed with Ch6S were subjected to cathepsin K digestion, they were not digested at pH 4.0 ( Figure 6D , 05 μg/μL GAGs. Then, the collagen fibrils were treated with 100 mM acetate buffer (pH 3.5) with (lane 2-10) or without (lane 1) cathepsin K and incubated at 37°C for 3 h. The type I collagen degradation products were analyzed by SDS-PAGE (7.5%). (B) The dose-dependent formation of cathepsin K-resistant collagen. The amount of type I collagen that was not degraded by cathepsin K was quantified by a densitometry analysis of the SDS-PAGE results. The GAG concentrations at which 50% of the collagen formed is cathepsin K-resistant (EC 50 ) was calculated from the plot. Figure 6D , lane 4). This digestion is due to the cathepsin K activity since the degradation was inhibited by E-64 (Supplementary Figure S6B) .
Discussion
Collagen fibrils in the extracellular matrix can be exposed to acidic conditions under some circumstances in vivo. The extracellular microenvironment of skin is normally acidic, ranging from pH 4.0 to 6.0 (Blank 1939) . The acidic pH of the horny layer regulates the skin bacterial flora and is a key factor in stratum corneum homeostasis (Rippke et al. 2002; Ali and Yosipovitch 2013) . The pH values of cartilage surfaces from osteoarthritis patients (grade 3) range between pH 4.0 and 6.0 (Konttinen et al. 2002) . The mechanism of osteoclastic bone resorption involves bone demineralization by the acidification of the extracellular microenvironment via an electrogenic proton pump (Teitelbaum 2000) . Osteoclasts, when firmly attached, can cause the pH to fall to 3.0 or less (Silver et al. 1988 ). This study focused on the roles of GAGs binding to collagen in bone resorption and showed that sulfated GAGs inhibit the acid denaturation of collagen fibrils. Collagen fibrils were denatured and bound to GAGs at a pH below 4.5, forming acid-resistant collagen fibrils (Figures 1 and 2) . The binding to collagen in an acidic solution was dependent upon the sulfate groups of the GAGs and the length of the sugar chain (Table S1 ). The acid denaturation of a protein is frequently triggered by the loss of electrostatic interactions, predominantly hydrogen and ionic bonds. Electrostatic interactions involving lysine contribute to collagen triple-helix stability, as reported previously (Persikov et al. 2005) . The acid dissociation constants (pK a ) of aspartic acid and glutamic acid are 3.86 and 4.07, respectively. On the other hand, the pK a of GAGs are lower than those of acidic amino acids, i.e., the pK a of the sulfate group is 2.0-2.5 (Kuettner and Lindenbaum 1965) and that of the carboxyl group is 3.5-4.0 (Freeman and Maroudas 1975) . Therefore, GAGs remain deprotonated and negatively charged over a broader pH range. It is assumed that the change in the electric charge of collagen induced by acidic conditions causes the protonation of the protein carboxyl residues, and the resultant free lysines interact with sulfated GAGs via electrostatic interactions. A collagen-immobilized sensor chip was completely regenerated by 2 M NaCl after a GAG binding assay (data not shown). Collagen fibrils bound to sCS with high degree of sulfation in the coprecipitation assay (Figure 4 ). The most effective GAG for the formation of cathepsin K-resistant collagen fibrils was CS-E ( Figure 5 ). Collectively, these observations suggest that the interaction between collagen and GAG is electrostatic. Collagen fibrils reconstituted from type I atelocollagen at pH 7.4 did not bind to GAGs, including Ch6S (Figure 4) . We also did not observe Ch6S binding to collagen fibrils in scanning electron micrographs ( Figure 2C and D) . Raspanti et al. demonstrated by scanning electron microscopy that collagen fibrils reconstituted from type I tropocollagen bound to Ch6S at neutral pH (Raspanti et al. 2008) . Based on our experimental results and the previous report (Raspanti et al. 2008 ), Ch6S appears to bind to telopeptides of type I collagen and does not interact with the triple-helix region at neutral pH.
Bone is a composite material consisting of organic matrix and inorganic minerals (mainly hydroxyapatite). Hydroxyapatite constitutes approximately 65% of bone, and organic substrates (90-95% collagen, 1% GAGs, 5% other proteins) account for the remaining 35% (van der Harst et al. 2004; Mania et al. 2009 ). The EC 50 value of Ch4S in the formation of acid-resistant collagen fibrils was 6.3 ng/ μL, which is 1.4 weight % of collagen. Since the GAGs in bone consist of approximately 90% Ch4S and small amounts of HA, Ch6S and DS (Hjerpe et al. 1979; Prince and Navia 1983) , it is estimated that enough Ch4S exists to inhibit the acid denaturation of collagen fibrils. In this study, we demonstrated that Ch4S formed the acidresistant collagen fibrils under the acidic pH such as pH 3.5 similarly to Ch6S ( Figure 5 ). We surmise that this acid-resistant collagen fibrils are degraded by cathepsin K after the pH was shifted from 4.0 to 5.0 similarly as in the case of Ch6S ( Figure 5 ). However, as Ch4S is reported to stabilize cathepsin K more strongly than Ch6S (Li et al. 2000) , Ch4S might more efficiently degrade collagen fibrils by the shift of pH to 5.0. Thus, increasing Ch6S amount relative to Ch4S might slow down or even inhibit pathological bone degradation.
Collagen fibrils complexed with GAGs were resistant to acid denaturation (solubilization) at pH 4.0 (Figure 1) . Silver et al. showed that osteoclasts can cause the pH to fall to 3.0 or less in vitro, and that the pH decrease to as low as 4.7 in situ in the erosion sites of an osteoporotic bone (Silver et al. 1988) . The calcium concentration rise to a maximum of 40 mM in the erosion sites. The solubility of hydroxyapatite is pH dependent, the complex being almost totally insoluble at physiological pH but dissolving to a Ca 2+ ion concentration of 50 mM at about pH 3.5 (Etherington and Birkedahl-Hansen 1987) . These reports and our current results indicate that collagen fibrils bind to GAGs during the demineralization by osteoclasts to resist acid denaturation. Collagen fibrils complexed with GAGs were also resistant to the degradation by cathepsin K at pH 4.0 ( Figure 5 ). Cathepsin K degrades fibrillar and triple-helix collagen, as reported previously (Panwar et al. 2013; Aguda et al. 2014 ). However, soluble substrates are more sensitive to enzyme digestion than insoluble ones in general. Therefore, we surmise that collagen fibrils complexed with GAG are resistant to cathepsin K because they are resistant to solubilization. For the degradation of acid-resistant collagen fibrils, GAG needs to dissociate from the collagen at a pH above 5.0 ( Figure 1A ). Against our expectations, the collagen fibrils complexed with Ch6S were hardly solubilized, but collagen fibrils were degraded by cathepsin K after the pH was shifted from 4.0 to 5.0 ( Figure 6B and D) . The acidic microenvironment of osteoclast resorption pits is assumed to be buffered by dissolved minerals, such as calcium phosphate, and consequently the pH value increases gradually. A previous study showed that the calcium concentration of osteoclasts in osteoporotic bone rise to a maximum of 40 mM in the erosion sites and that the pH decrease to as low as 4.7 (Silver et al. 1988) . Cathepsin K activity at pH 5.0 is higher than that at pH 4.0 (Brömme et al. 1996) . The optimum pH of cathepsin K activity is around pH 5.5 (Brömme et al. 1996) , and cathepsin K is allosterically stabilized by Ch4S at pH 5.5 (Li et al. 2000) . These imply that osteoporotic bone is under the conditions where collagen is readily degraded by cathepsin K. These reports and our current results collectively indicate that collagen fibrils bind to GAGs during the demineralization by osteoclasts to resist acid denaturation and cathepsin K digestion. Then, the activity of cathepsin K increased as the pH value rises to 5.0, and subsequently, the activity surpasses the inhibitory effect of Ch6S. It is considered that collagen fibrils are degraded by cathepsin K at around pH 5.0 in the presence of GAG, rather than at pH below 4.0, in which bone demineralization proceeds (Figure 7) . It remains elusive whether sulfated GAGs bind to only collagen or both collagen and cathepsin K during the degradation, and this is an issue to be addressed in the future. In summary, we demonstrated that sulfated GAGs have a putative regulatory impact during demineralization under acidic conditions, where GAGs inhibit the acid denaturation of collagen fibrils rendering them resistant to cathepsin K. Together, these results provide novel insights into the functions of GAGs in bone resorption.
Materials and methods
Materials
Hyaluronic acid (HA, from human umbilical cord), chondroitin (Ch, prepared from Ch6S by desulfation), chondroitin 4-sulfate (Ch4S, from whale cartilage), chondroitin 6-sulfate (Ch6S, from shark cartilage), chondroitin 4,6-disulfate (CS-E, from squid cartilage), dermatan sulfate (DS, from pig skin) and heparan sulfate (HS, from bovine kidney) were purchased from Seikagaku Kogyo Co. (Tokyo, Japan). Heparin (Hep, from porcine intestinal mucosa) was obtained from Sigma-Aldrich (St. Louis, MO). These GAGs are the same products used in the previous study (Munakata et al. 1999 ). The sCS from salmon nasal cartilage was prepared as described previously (Tatara et al. 2013) . Type I collagen from fish (tilapia skin, pepsin-solubilized) was purchased from Nippi Collagen Industries Fig. 7 . A hypothetical role of GAG in collagen degradation by cathepsin K. Osteoclastic bone resorption involves bone demineralization by the acidification of the extracellular microenvironment. Collagen fibrils bind to GAGs at pH ≤4.5 to resist acid denaturation and degradation by cathepsin K. The acidic microenvironment is buffered by dissolved minerals, and the pH value increases gradually. Subsequently, collagenolytic activity of cathepsin K surpasses the cathepsin K-resistance of Ch6S and collagen complex at around pH 5.
(Tokyo, Japan). Type I collagen from bovine skin (pepsin-solubilized), type III collagen from bovine skin (pepsin-solubilized), type IV collagen from bovine capsule and type V collagen from porcine placenta were obtained from Wako Pure Chemical Industries (Osaka, Japan). Type II collagen from bovine nasal (pepsin-solubilized) was purchased from Elastin Products Company, Inc. (Owensville, MO). Type VI collagen from human placenta, type VII collagen from rat tail, type VIII collagen from human placenta (pepsin-solubilized), type IX collagen from human placenta (pepsin-solubilized) and type X collagen from human placenta were purchased from Sigma-Aldrich.
Preparation of GAG oligosaccharides
Oligosaccharides containing GlcAβ1-3GalNAc(4 S), GlcAβ1-3GalNAc (6 S) and GlcAβ1-3GlcNAc disaccharide units were prepared according to the procedure described in a previous report (Takagaki et al. 1992) . Briefly, Ch4S, Ch6S and HA were hydrolyzed by testicular hyaluronidase. The oligosaccharides were fractionated by two-step column chromatography using a Bio-Gel P-4 column (1.6 × 110 cm; Bio-Rad Laboratories, Richmond, CA) and a Polyamine-II column (4.6 × 250 mm; YMC Co., Tokyo, Japan). The degree of polymerization was determined by ion-spray mass spectrometry (Sciex API-III, Thornhill, Ontario, Canada). The oligosaccharides prepared were as follows: 
Formation and subsequently denaturation of collagen fibrils
Type I collagen from bovine skin dissolved in an HCl solution (pH 3.0) at a concentration of 3 mg/mL was used for the collagen fibrinogenesis assays (Wood and Keech 1960; Toole and Lowther 1968) . Collagen fibrils (30 μg) were formed in 100 μL of 30 mM sodium phosphate buffer (pH 7.4) containing 150 mM NaCl with or without GAGs (0.1 mg/mL) in 96-well microplate wells. The microplate was immediately placed in an incubator equilibrated to 25°C. Two hours later, concentrated buffer (1 M sodium phosphate buffer, from pH 5.5 to 7.0, or 1 M sodium acetate buffer, from pH 3.5 to 5.5) was added at a final concentration of 100 mM. The microplate was immediately placed in a measuring chamber equilibrated to 25°C. The temperature was employed to suppress noise that was observed at 37°C because of unevenness of collagen fibrils in the solution during the denaturation. The denaturation of collagen fibrils at low pH was monitored as the turbidity of the solution by measuring the absorbance at 400 nm at 1 min intervals.
Electron microscopy
Collagen fibrils were obtained by incubation for 2 h at 37°C in 10 mM sodium phosphate and 130 mM NaCl (pH 7.4) at a collagen concentration of 0.3 mg/mL. After the fibril formation, some of the specimens were supplemented with 0.1 mg/mL Ch6S and 100 mM acetate buffer (pH 4.0). The fibrils obtained were incubated overnight at 4°C in 25 mM sodium acetate buffer (pH 5.8) containing 2.5% glutaraldehyde and 0.1 M MgCl 2 and then dehydrated in graded ethanol and hexamethyldisilazane. The specimens were coated with gold-palladium by an ion sputter (E-1010, Hitachi High-Technologies Corporation) and observed on a field-emission scanning electron microscope (S-4000, Hitachi High-Technologies) at 10 kV by Emaus Kyoto, Inc. The fibril diameter was measured interactively on selected micrographs with ImageJ 1.48 v (http://rsb. info.nih.gov/ij). Fifty clearly unbranching fibrils taken from three different micrographs were measured for each specimen.
SPR analysis
The binding of GAGs to collagens was analyzed by SPR using a Biacore 2000 (GE Healthcare Japan, Tokyo, Japan). Collagens (0.5 mg/mL) were immobilized on sensor chips (CM5 sensor chip; GE Healthcare Bio-Sciences AB) at pH 4.5 as triple-helix structures. The amount of collagen immobilized on the sensor surface was controlled at 10,000 RU (0.028 pmol/mm 2 ) by altering the injection time. The binding assay was performed at 25°C in 10 mM sodium phosphate buffer (from pH 5.5 to 7.0) or sodium acetate buffer (from pH 3.5 to 5.5) containing 150 mM NaCl. GAGs were used as analytes at concentrations ranging from 0.2 to 100 nM and were applied at 20 μL/min. Association was monitored for 120 s followed by a dissociation phase. The surface was regenerated using a buffer containing 2 M NaCl. A plot of binding signal versus analyte concentration was generated, and the equation R eq = K A C R max /(1 + K A C) was fit to the profile, where C is the concentration of the analytes and R eq is the RU of the equilibrium portion of the SPR sensorgrams (i.e., the RU taken at the points of the dissociation phase). The apparent K D values were calculated by a nonlinear least squares fitting of the equation to the data. A standard statistical measure of the closeness of fit (χ 2 ) was within 3.0. All binding assays were performed in duplicate, and the standard deviation was within 10%.
Coprecipitation of collagen fibrils with sCS
Collagen fibrils (30 μg) were reconstituted from acid-solubilized type I collagen at pH 7.4 with 10 μg of sCS (from salmon nasal cartilage, a mixture and/or hybrid of Ch4S and Ch6S). The reconstituted collagen fibrils were supplemented with 0.1 M phosphate buffer (pH 7.4) or 0.1 M acetate buffer (pH 4.0). As a control, only the sCS was set to the respective pH by diluting with buffer. Then, the coprecipitated sCS and the sCS in the supernatant were separated by centrifugation at 15,000 × g for 10 min. The amount of glucuronic acid (GlcA) in the supernatant was measured by a carbazole-sulfuric acid method (Dische 1947) . Each experiment was independently repeated 3 times.
Structural analyses of sCS bound to collagen fibrils
The sCS (bound sCS) that coprecipitated (bound sCS) with collagen fibrils at pH 4.0 was solubilized by heat denaturation at 50°C in 10 mM sodium phosphate buffer (pH 6.0). The unbound sCS in the supernatant was adjusted to a pH of 6.0 with 10 mM sodium phosphate buffer. The bound and unbound sCS samples were applied to a DEAE Sepharose column (10 × 100 mm) pre-equilibrated with 10 mM sodium phosphate buffer (pH 6.0) and eluted with a linear gradient of 0-1.0 M NaCl. The eluted sCS fractions were pooled and desalted by ultrafiltration. The purified bound and unbound sCS samples were analyzed by gel filtration HPLC using an OHpak SB-803 column (8 × 300 mm, Shodex, Showa Denko K. K., Kawasaki, Japan) to estimate the mean molecular weight. The chemical structure of the bound and unbound sCS was analyzed by the unsaturated disaccharide assay. The gel filtration chromatography and unsaturated disaccharide analyses were performed as described in a previous report (Tatara et al. 2013 ).
Formation of cathepsin K-resistant collagen fibrils by GAGs
Type I collagen dissolved in an HCl solution (pH 3.0) was used in this assay. Collagen fibrils (0.45 μg/μL) were formed in 30 mM sodium phosphate buffer (pH 7.4) containing 150 mM NaCl at 37°C for 1 h. GAGs were added at a concentration of 0.05 mg/mL. Procathepsin K (final concentration of 50 nM, human recombinant, Enzo Life Sciences, Inc.) was mixed with the collagen fibrils in 100 mM sodium acetate buffer (pH 3.5) containing 2.5 mM dithiothreitol and 2.5 mM ethylenediaminetetraacetic acid, and the mixture was incubated at 37°C for 3 h. The degraded collagen was detected by SDS-PAGE using 7.5% Tris-glycine gels and Coomassie blue staining. Collagen fibrils were treated with cathepsin K at pH 3.5 in the presence of various concentrations of Ch4S, Ch6S, CS-E, DS, HS or Hep to determine the EC 50 of the GAGs forming the cathepsin K-resistant collagen fibrils.
The activation of procathepsin K and the stability at pH 3.5 were examined using a fluorogenic substrate measuring the enzymatic activity. Procathepsin K was incubated at 25°C for individual time points at pH 3.5. The autoactivated cathepsin K (final concentration of 5 nM) was mixed with a fluorogenic substrate (50 μM), benzyloxycarbonylglycyl-L-prolyl-L-arginine 4-methylcoumaryl-7-amide, in 10 mM sodium acetate buffer (pH 3.5) containing 2.5 mM dithiothreitol and 2.5 mM ethylenediaminetetraacetic acid, and the mixture was incubated at 37°C. Fluorescence intensity was measured at excitation 355 nm/emission 460 nm using the Fluoroscan Ascent FL (Thermo Fisher Scientific, Waltham, MA).
Solubilization and degradation of acid-resistant collagen fibrils
The resolubilization and degradation by cathepsin K of acid-resistant collagen fibrils was examined. Procathepsin K was autoactivated in 10 mM acetate buffer (pH 3.5) at 25°C for 30 min according to the manufacturer's instructions. Collagen fibrils were formed in 30 mM sodium phosphate buffer (pH 7.4) containing 150 mM NaCl at 37°C for 1 h. The collagen fibrils (0.45 mg/mL) were exposed to 100 mM acetate buffer (pH 4.0) for 30 min in the presence or absence of Ch6S (0.05 mg/mL) and then washed with water to remove solubilized collagen, and acid-resistant collagen fibrils were formed. The acid-resistant collagen fibrils were subjected to 100 mM acetate buffer (pH 4.0) or 100 mM acetate buffer (pH 5.0) for 60 min at 37°C. The solubilized and insoluble collagen were separated by centrifugation at 15,000 × g for 10 min, and the supernatants and precipitates were analyzed by the carbazole-sulfuric acid method or SDS-PAGE (7.5% gel). To examine the cathepsin K degradation, activated cathepsin K was added to the acid-resistant collagen fibrils with 100 mM acetate buffer (pH 4.0) or 100 mM acetate buffer (pH 5.0), 2.5 mM ethylenediaminetetraacetic acid, and 2.5 mM dithiothreitol, and the reaction solution was incubated at 37°C for 3 h. The reaction products were analyzed by SDS-PAGE (7.5% gel).
